ABSTRACT Diabetes is linked to an increased risk for colorectal cancer, but the mechanistic underpinnings of this clinically important effect are unclear. Here we describe an interaction between the microtubule motor cytoplasmic dynein, the adenomatous polyposis coli tumor suppressor protein (APC), and glycogen synthase kinase-3β (GSK-3β), which could shed light on this issue. GSK-3β is perhaps best known for glycogen regulation, being inhibited downstream in an insulin-signaling pathway. However, the kinase is also important in many other processes. Mutations in APC that disrupt the regulation of β-catenin by GSK-3β cause colorectal cancer in humans. Of interest, both APC and GSK-3β interact with microtubules and cellular membranes. We recently demonstrated that dynein is a GSK-3β substrate and that inhibition of GSK-3β promotes dynein-dependent transport. We now report that dynein stimulation in intestinal cells in response to acute insulin exposure (or GSK-3β inhibition) is blocked by tumor-promoting isoforms of APC that reduce an interaction between wild-type APC and dynein. We propose that under normal conditions, insulin decreases dynein binding to APC to stimulate minus end-directed transport, which could modulate endocytic and secretory systems in intestinal cells. Mutations in APC likely impair the ability to respond appropriately to insulin signaling. This is exciting because it has the potential to be a contributing factor in the development of colorectal cancer in patients with diabetes.
INTRODUCTION
Diabetes has become a worldwide epidemic, and the multisystem effects of insulin insensitivity in patients with metabolic disorders contribute to an increased risk for neurological diseases and cancer (Larsson et al., 2005; Yuhara et al., 2011; Sasazuki et al., 2013; Guraya, 2015; Ramjeesingh et al., 2016) . Thus, identifying potential mechanisms that could affect disease development in diabetics is an important goal. Although some estimates place the increased risk of colorectal cancer among diabetics at >50%, it is not at all clear which aspect of diabetes increases cancer risk-the disease itself (insulin resistance), the consequences of the disease (e.g., hyperglycemia), or the therapy. In fact, drugs used to treat diabetes are being considered for repurposing as chemopreventive or chemotherapeutic treatments, but the results of these studies have been confusing and sometimes contradictory (Gupta and Dubois, 2002; Chang et al., 2012; Malek et al., 2013; Park, 2013; Yin et al., 2014; Mendonca et al., 2015; Zhou et al., 2015; He et al., 2016; Ramjeesingh et al., 2016) . For example, peroxisome proliferator antigen receptor γ (PPARγ) agonists were protective against carcinogen-induced colon tumors in rats but enhanced intestinal adenoma formation in the adenomatous polyposis coli +/min (APC +/min et al., 2010; Beurel et al., 2015) . In the course of these studies, we identified a novel physical and functional link between APC and dynein and provide evidence that this interaction is sensitive to GSK-3β activity. We also show that tumor-promoting APC mutations affect the interaction. Our findings will be important for the development, screening, and testing of potential chemotherapeutics related to insulin and diabetes drugs. In addition, they may provide explanations for conflicting results and unexpected side effects of drug treatments.
RESULTS

Tumor-promoting APC isoforms alter the dynein response to acute insulin exposure
We used two cell lines derived from mouse colon for these experiments. One cell line was derived from the APC +/min mouse, which carries a mutation in one APC allele resulting in expression of a truncated APC isoform (Whitehead et al., 1993; Whitehead and Joseph, 1994) . The mutant cell line will be referred to here as multiple intestinal neoplasia (MIN) cells. A colon cell line derived from wild-type mice (WT cells) was used as a control for the mutation (Whitehead et al., 1993; Whitehead and Joseph, 1994) . We confirmed that only the MIN cells carry the mutant "MIN" isoform, using genotyping primers ( Figure 1A ). We also used PCR to amplify the region of the APC gene that carries the T-A point mutation in the MIN allele. In extracts derived from WT cells, only the WT sequence was present, but in the MIN cells, both WT and mutant sequences were present. This shows that the MIN genome retains a copy of the WT allele (unpublished data). Next we determined that a 1-h exposure to insulin produced the same degree of GSK-3β inhibition in MIN and WT cells. This was accomplished by comparing the ratio of the inhibited phospho-S9 GSK-3β isoforms to total GSK-3β (Figure 1 , B-D). The S9 phosphorylation returned to baseline by 6 h in both cell types, likely due to insulin receptor internalization and abrogated signaling (Saltiel and Pessin, 2002) . Dynein accumulation at centrosomes was monitored by dynein intermediate chain (DIC) and Cdk5Rap2 immunofluorescence. Cdk5Rap2 is a centrosomal protein (Fong et al., 2008) , and the Cdk5Rap2 antibody worked well to identify centrosomes in our staining conditions. The 74.1 DIC antibody works exceptionally well for immunofluorescence (IF) and immunoprecipitation (IP) of the entire dynein complex (Bingham et al., 1998; Mesngon et al., 2006) , and is used throughout the study. In WT cells, exposure to insulin for 30 min or 1 h resulted in accumulation of dynein at centrosomes (as measured by a centrosome enrichment index [CEI] ). The same accumulation was not observed in MIN cells. In fact, these cells had somewhat more dynein at centrosomes before addition of insulin but significantly reduced accumulation by 1 h of insulin exposure (Figure 1 , E-G). That MIN cell CEI is reduced by insulin or by the GSK-3β inhibitor CT99021 is interesting and may be related to reports that GSK-3β can also inhibit kinesin (Morfini et al., 2004; Weaver et al., 2013; Dolma et al., 2014) . Kinesin stimulation would not be countered by dynein stimulation, resulting in a net decrease in CEI.
Because an overall lower number of dynein motors might contribute to the difference in response to insulin, we measured the level of dynein WT and MIN cell lysates (Supplemental Figure S1 , A and B) In fact, the DIC bands in MIN cell extracts were somewhat more intense than in WT extracts. Moreover, we have observed that the dynein regulator, Ndel1, accumulates with dynein at centrosomes in response to insulin in WT but not MIN cells (Figure 1, H and I) . Together these data indicate that the truncated MIN isoform of APC disrupts insulin's capacity to regulate dynein without interfering with its capacity to inhibit GSK-3β. a model for familial adenomatous polyposis (Moser et al., 1990 Lefebvre et al., 1998; Osawa et al., 2003; Marin et al., 2006; Frohlich and Wahl, 2015) .
Our recent finding that the insulin pathway can directly stimulate dynein-dependent trafficking may provide insight into the link between colon cancer and diabetes. We observed a change in dynein distribution in a mouse colon cell line and in a human colon cancer cell line exposed to the diabetes drug rosiglitazone. Both cell types have a radial microtubule (MT) array, with minus ends focused at the centrosome and plus ends growing toward, or anchored at, the cell periphery. In both cell types, dynein accumulated at centrosomes after exposure to rosiglitazone (Gao et al., 2015) . Because dynein motors translocate toward MT minus ends, this type of accumulation could occur due to increased motility or retention at minus ends. Live-cell imaging showed that the minus end-directed transport of lysosomes also increased in response to the drug, so in the case of rosiglitazone, increased dynein-based motility was likely to be involved (Gao et al., 2015) . Indirect effects caused by alterations in MT behavior could also contribute to changes in dynein distribution, but MTs were in general similar in treated and untreated cells.
Rosiglitazone-induced metabolic changes are believed to involve its actions as a PPARγ agonist (Tontonoz and Spiegelman, 2008; Choi et al., 2014) . One such physiological change is increased insulin sensitivity, but the exact mechanism by which this occurs is not well understood and may be different, depending on the cell type. A rapid molecular event triggered by insulin signaling is inactivation of glycogen synthase kinase-3β (GSK-3β) through an inhibitory phosphorylation of serine 9 (S9) by another kinase, protein kinase B (AKT; Beurel et al., 2015) . Rosiglitazone-induced dynein accumulation required insulin in the medium and was mimicked by GSK-3β inhibitors and blocked by AKT inhibitors, strongly suggesting that the dynein effect was due to the insulin-sensitizing function of the drug ultimately acting through GSK-3β. The mechanism for increased dynein motility may involve direct phosphorylation of dynein subunits by GSK-3β, as we identified two GSK-3β-targeted residues in two dynein intermediate chains (1B and 2C) that, when mutated, altered the binding of Ndel1, a dynein regulatory protein (Gao et al., 2015) . If insulin regulates dynein, then aberrant insulin levels, often found in metabolic syndromes, could potentially affect important cellular processes controlled by dynein, such as organelle trafficking, endocytosis and secretion, and cortical MT capture (Hunt and Stephens, 2011; Hendricks et al., 2012; Hancock, 2014) . This in turn could promote or prevent tumorigenic changes. In the present study, we asked whether acute insulin exposure would also cause dynein to accumulate at centrosomes and indeed found this to be the case. We then asked whether cancer-causing mutations in APC could affect the dynein response to insulin signaling. Several pieces of information provided the motivation for this latter question. First, APC mutations cause colorectal cancer in humans and have been linked to changes in efficacy of diabetes drugs as chemotherapeutics (Lefebvre et al., 1998; Gupta and Dubois, 2002; Niho et al., 2003; Friedrich et al., 2013) . Second, APC binds and regulates MTs, which are the tracks for dynein cargo transport (Barth et al., 2002 (Barth et al., , 2008 Mogensen et al., 2002; Reilein and Nelson, 2005; Bahmanyar et al., 2009) . Third, the APC-interacting protein EB1 binds directly to dynactin, a dynein-interacting protein (Berrueta et al., 1999; Ligon et al., 2006; Yan et al., 2015) . Finally, APC and GSK-3β have been implicated in some of the same cellular processes as dynein (Dujardin and Vallee, 2002; Wen et al., 2004; Hanson and Miller, 2005 (McKenney et al., 2016; Nirschl et al., 2016) , so this is not likely to explain the reduced dynein stimulation in MIN cells.
Of interest, tyrosinated MTs in MIN cells tended to curve along the plasma membrane, whereas in WT cells, they tended to end more abruptly (Supplemental Figure  S1 , C-F). Acetylated MTs were only detected in a subset of cells (∼12% of WT or MIN cells, with or without insulin). Unfortunately, the antibody raised against detyrosinated MTs detected multiple bands on a Western blot in addition a band of the appropriate size (unpublished data), and so any IF signal might be due to nonspecific interactions. However, MTs labeled with this antibody were often also positive for acetylated tubulin (Supplemental Figure S1 , G-L). No obvious difference was observed between MIN and WT cells.
GSK3 inhibition causes dynein release from the cell periphery in WT cells
CT99021 is a highly specific GSK-3β inhibitor (Eldar-Finkelman, 2002 ). CT99021 does not act through S9 phosphorylation but instead prevents an activating autophosphorylation of tyrosine 216, which was observed in our system by Western blotting with a phosphospecific antibody ( Figure 3A ). Direct pharmacological inhibition of GSK-3β with CT99021 for 1 h stimulated dynein centrosomal accumulation in WT cells but not in MIN cells ( Figure 3B ). Thus the presence of the MIN isoform also alters the dynein response to acute GSK-3β inhibition.
Reasoning that the source of newly activated, centrosomal-targeted dynein might be a pool that resides at MT plus ends or attached to the plasma membrane (Dujardin and Vallee, 2002; Markus et al., 2009) , we used IF in fixed WT cells to evaluate DIC and APC localization near the cell periphery. Commercial APC antibodies are not especially good for either IF or IP (Brocardo et al., 2005) ; we used the APC-M2 antibody for all studies reported here (Wang et al., 2009) . Punctate APC and DIC staining was observed in the cytoplasm, and APC was also prominent in the nucleus ( Figure 3C ). Colocalization was visible throughout the cytoplasm, including at the cell periphery, where we focused our analyses ( Figure 3D ). The intensity of APC and dynein IF was measured along a line drawn at the edge of the cell in WT cells exposed to CT99021 for 1 h ( Figure 3E ). The dynein intensity but not the APC intensity was on average lower than in untreated cells, APC and GSK-3β both influence MT dynamics and stability (Zumbrunn et al., 2001; Etienne-Manneville and Hall, 2003) . Because changes in the MT cytoskeleton could lead to alterations in dynein distribution, we looked at the organization of MTs in starved WT and MIN cells with or without 1-h insulin treatment (Figure 2 ). Although there may be subtle differences, the four groups looked fairly similar at this level of analysis, supporting the idea that dynein activation, rather than a change in MT organization, was responsible for redistribution caused by acute insulin exposure to WT cells. We also examined the levels of three modified tubulin isoforms (tyrosinated, acetylated, and detyrosinated) in extracts from both cell The ratio of inactivated GSK-3β (GSK-3β-pS9) to total GSK-3β (pan-GSK-3β) for WT and MIN cells exposed to 0, 1, or 6 h of insulin was determined by Western blot. Phospho-S9 antibody band, red; pan-GSK-3β band, green. (C) Li-Cor densitometry analysis of three Western blots shows mean ± 95% CI. *p < 0.05 by one-way ANOVA. (D) Average increase in S9/pan-GSK-3β after 1 h was determined from five Western blots. (E) Cdk5RAP2 IF (green) was used to label centrosomes in WT and MIN cells costained for DIC (red). Left, CEI calculated by subtracting the intensity of DIC fluorescence measured at a site halfway between the nucleus and the cell periphery (P) from the DIC intensity measured at the centrosome (C). with dynein ( Figure 4B ). We also found that dynein coprecipitated with APC ( Figure 4C ). Of interest, GSK-3β was observed in both sets of IPs. In those experiments, beads only were used as a control, but a specific pull down of APC by dynein was also confirmed using mouse immunoglobulin G (IgG) as a nonspecific antibody ( Figure 4D ). MIN mice express full-length APC protein from one allele and a truncated APC from the other. The amount of full-length APC in MIN brain extract is about half that in WT brain extract ( Figure 4E ). We repeated the dynein co-IP using brain extract derived from MIN mice and found that substantially less full-length APC coprecipitated with dynein than coimmunoprecipitated with dynein from WT brain ( Figure 4F ). Because the ratio of APC that coprecipitated with dynein in MIN versus WT brain extracts ( Figure 4F ) was less than the ratio of fulllength APC protein in MIN versus WT brain extracts ( Figure 4E ), we hypothesize that the MIN isoform interferes with the interaction between dynein and full-length APC.
The MIN isoform of APC was not detected in MIN brain extracts ( Figure 4E ) because APC-M2 was raised against the more C-terminally located15-amino acid repeats, an epitope not present in this region (Wang et al., 2009) . We also tested two commercially available antibodies raised against the amino-terminal region of APC but were not able to reliably detect the MIN isoform. Both antibodies detected faint bands that were likely full-length APC in WT mouse brain and colon cell extracts but also labeled smaller polypeptides (unpublished data). In MIN cells, one of the antibodies detected a protein that was the appropriate size for the MIN isoform, but several smaller peptides were also observed, reducing confidence of specificity.
A green fluorescent protein-tagged C-terminal APC fragment expressed in Cos-7 cells coimmunoprecipitates with endogenous dynein
The schematic in Figure 5A shows two APC fragments used in these experiments. The 746-amino acid N-terminal fragment of APC (nAPC) is similar to the MIN isoform, in that it contains the oligomerization domain and armadillo repeat region known to interact with AMER protein family members, but is missing the midregion and C-terminal domains. The 272-amino acid C-terminal fragment of APC (cAPC) covers the EB1 and PDZ-binding domains but does not contain the basic region that is most commonly shown to interact with MTs. However, one report demonstrated that a construct of a similar size to cAPC unexpectedly cosedimented with Taxol-stabilized MTs, pointing to the intriguing possibility of a second MT-binding site (Dikovskaya et al., 2010) . We used an enhanced green florescent protein (EGFP) vector to express EGFP-tagged full-length APC (FL-APC) as well as EGFP-tagged nAPC and cAPC. FL-APC was only observed in a very small percentage of cells, where it labeled MT-like structures in cellular protrusions ( Figure 5B), as described by others (Mimori-Kiyosue et al., 2000; Zumbrunn et al., 2001) . Some dynein immunoreactivity was observed at these protrusions (arrows, Figure 5B ). nAPC was aggregated in cytoplasmic blebs, suggesting suggesting that dynein but not APC moved away from the cell membrane in response to the drug (Figure 3 , F and G). We also examined dynein at the periphery in cells exposed to insulin. In this experiment, we measured the dynein intensity in the same way but compared WT and MIN cells exposed to insulin for 1 h. Substantial dynein immunoreactivity was observed in MIN cells but not in WT cells, indicating that although dynein can be present at the periphery, the insulin-dependent mechanism for release is not active in MIN cells ( Figure 3H ).
Dynein and full-length APC can form a complex that is disrupted by the presence of the MIN isoform
The 2843-amino acid APC domain structure is shown in Figure 4A . The MIN mutation causes an early termination at amino acid 850 (Su et al., 1992) but encompasses an oligomerization domain as well as Arm repeats that can associate with the APC membrane recruitment (AMER) family of membrane-associated proteins. AMER1 and 2 membrane-associated proteins can tether APC to the plasma membrane (Grohmann et al., 2007; Tanneberger et al., 2011) . Missing in the MIN isoform are the 15-amino acid repeats, the SAMP and 20-amino acid repeats, the mutation cluster region (MCR), and binding sites for MTs, EB1, and PDZ domain-containing proteins.
Reports that APC and dynein function in some of the same cellular processes and are enriched at MT plus ends led to speculation of an interaction between these proteins (Mimori- Kiyosue and Tsukita, 2003) . However, until now, this has not been observed or, to our knowledge, reported, possibly because of the paucity of useful APC antibodies. We reprobed a previously published dynein immunoprecipitate from WT mouse brain extracts (Gao et al., 2015) using our APC-M2 antibody and found that full-length APC coprecipitated ing that the N-terminal domain is important for APC oligomerization (Nelson and Nathke, 2013) and suggests that the oligomerization domain is distinct from the dyneinbinding domain.
The interaction between APC and dynein is sensitive to GSK-3β activity
We showed previously that phosphorylation of dynein by GSK-3β reduced its binding to a regulatory protein, Ndel1 (Gao et al., 2015) . We therefore carried out a series of experiments to explore the role of GSK-3β in regulating the dynein-APC interaction. In contrast to Ndel1, treating WT or cAPC-expressing cells for 12 h with a GSK-3 inhibitor (CT99021) reduced the amount of endogenous full-length APC or EGFP-cAPC that coprecipitated with dynein ( Figure 6, A and B) . This was supported by experiments with a mutant EGFP-IC1B (M), engineered with S88A and T89E mutations in GSK-3β sites (Gao et al., 2015) , which substantially reduced the amount of endogenous APC compared with WT EGFP-IC1B ( Figure 6C ). That the cAPC interaction was sensitive to dynein phosphorylation by GSK-3β was also supported by experiments with purified proteins. A soluble histidine (His)-tagged Cterminal fragment of APC (his-cAPC) and purified bovine brain dynein were exposed to GSK-3β in an in vitro kinase assay. Several dynein subunits, but not cAPC, incorporated γ-32 P-ATP ( Figure 6D ). His-cAPC coprecipitated more robustly with phosphorylated bovine brain dynein (Figure 6, E and F) . We cannot rule out that GSK-3β phosphorylation of other APC domains (Ferrarese et al., 2007) are involved in regulating the dynein APC interaction. However, our data strongly suggest a significant contribution of dynein phosphorylation by the kinase.
The MIN isoform alters the dynein response to the insulin sensitizer rosiglitazone in both cells and mouse colon
In our previous study, we demonstrated that exposing serumstarved WT mouse colon cells to rosiglitazone for 12 h produced the dynein-accumulation phenotype, and this was dependent on ongoing transcription (Gao et al., 2015) . Rosiglitazone is a PPARγ agonist, and its insulin-sensitizing properties are believed to be related to transcriptional changes caused by activation of this nuclear hormone receptor (Choi et al., 2014) . The dynein response to rosiglitazone did not occur in the absence of insulin and was mimicked by prolonged exposure to CT99021 (Gao et al., 2015) . Moreover, a constitutively active GSK-3β construct or pharmacological inhibition of AKT (a kinase that inhibits GSK-3β in the insulin pathway) blocked the response. This indicates that the dynein response was a consequence of increased insulin signaling.
Rosiglitazone has been considered as a candidate for chemotherapy and chemoprotection, but the results have been inconsistent, and there are side affects associated with the drug (Frohlich and Wahl, 2015) . To determine whether the presence of cancercausing mutations in APC can influence the dynein accumulation response to rosiglitazone, we tested the drug in MIN cells and that it forms aggregates or other higher-order structures, as suggested by others (Schneikert et al., 2011) . A small amount of the tagged peptide, as well as a small amount of dynein, localized to cellular protrusions (arrow, Figure 5C ) where they have the potential to interact with FL-APC. EGFP-cAPC was more diffusely distributed and may have subtly altered dynein distribution so that it too was more diffuse ( Figure 5D ). Both fragments appeared to reduce viability: fewer cells were present 24-48 h after transfection, and pyknotic nuclei were observed. Of interest, when both nAPC and cAPC were expressed at the same time, few if any EGFP aggregates were observed, suggesting that the C-terminal fragment affected the distribution or expression of the N-terminal fragment (unpublished data). Moreover, cell loss was exacerbated when the fragments were coexpressed (unpublished data), suggesting that aggregation of nAPC might be caused by the loss of the C-terminal domain and be somewhat protective.
We performed IP of endogenous dynein ( Figure 5D ). cAPC was specifically coprecipitated with dynein, but nAPC was also observed in the IgG control. Although there is a slightly stronger nAPC band in the dynein IP, we cannot conclude that this interaction is specific. We also performed anti-GFP co-IPs to examine proteins that may interact with nAPC and cAPC. Of interest, EGFP-cAPC, but not EGFP alone, reduced the amount of endogenous full-length APC that coprecipitated with dynein, suggesting that the fragment can compete with a binding site in the endogenous protein ( Figure 5F ). In another study, endogenous full-length APC coprecipitated with EGFP-nAPC but not EGFP-cAPC ( Figure 5G ). This supports the find- We also visualized the distribution of phospho-AKT, which is the activated form of the protein. AKT is recruited to membranes early in the insulin-signaling pathway, where it becomes phosphorylated and activated to target its substrates, including GSK-3β. An increase in phospho-AKT at leading edges near the cell periphery was noted in both WT and MIN cells after rosiglitazone exposure ( Figure 7E ). This supports the conclusion that the insulin-signaling pathway is functional in the MIN cells but is unable to stimulate dynein movement.
Glitazones and other diabetes medications are being considered as potential chemotherapeutics (Chang et al., 2012; Mendonca et al., 2015; Ramjeesingh et al., 2016) . However, data from both human studies and experimental models can be confusing and sometimes contradictory. This may be related to unanticipated effects of the drugs. To determine whether acute administration of rosiglitazone could affect dynein distribution in intact colon cells, it was gavage fed to 8-wk-old WT mice and APC +/min littermates daily for 6 d. We examined crypts in young animals and in regions without adenomas, and so there is a strong likelihood that the cells have not lost heterozygosity for the MIN mutation. Animals were killed on day 6, and colonic crypts were examined for dynein distribution by immunofluorescence. Amazingly, dynein had accumulated at the apical surface in WT but not APC +/min crypts ( Figure  7F ). This is particularly exciting because MTs are oriented such that their minus ends are directed toward the apical surface. This indicates that, at least acutely, this class of drugs can affect cellular events that are controlled by dynein in vivo.
DISCUSSION
Here we showed for the first time that APC and dynein can exist in a complex. We also provided evidence that tumorigenic mutations in APC interfere with this interaction. In addition to disrupting the APC-dynein interaction, mutant APC isoforms also disrupt an insulin-dependent change in dynein distribution.
We showed previously that dynein redistribution was linked to inhibition of GSK-3β activity and identified sites on dynein intermediate chains that are targeted by the kinase. We also showed that Ndel1, a dynein-binding protein that can increase dynein's forcegenerating capacity (McKenney et al., 2010) , interacts preferably with unphosphorylated dynein. CT99021 was able to stimulate dynein-dependent transport of acidic organelles. Here we provide evidence that unlike Ndel1, APC prefers to bind to phosphorylated dynein and propose a model in which a pool of phosphorylated dynein is retained at the plasma membrane by APC ( Figure 8A ). This scenario is plausible because APC can reportedly interact with membranes via association with AMER1/2 proteins (Grohmann et al., 2007; Tanneberger et al., 2011) . Alternatively, dynein could be found that they were unable to produce the dynein-accumulation phenotype ( Figure 7, A and B) , suggesting that insulin sensitization (or other rosiglitazone effects) cannot rescue the defect caused by the APC mutation. MIN and WT cells expressed equivalent levels of PPARγ, and receptor expression was not affected by the drug in either cell type, so the difference in dynein response is likely due to a defect in the insulin-sensitive dynein-APC interaction rather than a difference in the ability to respond to rosiglitazone ( Figure 7B, inset) . In our earlier study, we found that rosiglitazone also induced dynein accumulation in the HCT116 human cancer cell line (Gao et al., 2015) . This cell line has WT APC alleles, and carcinogenesis is believed to have arisen due to mutations in other genes (Dikovskaya et al., 2007) . Of interest, expression of EGFP-nAPC in these cells blocked the dynein response, providing support for the notion that the truncated APC isoform interferes with insulin-dependent dynein regulation ( Figure 7C ). There was no significant difference in the ratio of GSK-3β-pS9/ total GSK-3β in response to rosiglitazone, indicating that signal transduction was functioning appropriately in these cells ( Figure 7D ). (E) By Western blotting, MIN brain extracts contain ∼50% of the full-length APC in WT extracts, as quantified from four separate experiments. Significance was determined by paired two-tailed Student's t test, **p < 0.01. The smaller MIN isoform is not detected with the APC-M2 antibody. DIC and α-tubulin (α-Tub) levels do not appear to be different. (F) Significantly less full-length APC coimmunoprecipitates with dynein from MIN brain extract. The amount of APC in DIC immunoprecipitates from WT and MIN brain extract was quantified from three separate experiments. Significance was determined by paired two-tailed Student's t test, **p < 0.01.
cancer-causing APC truncations, the C-terminal domain is absent. We suspect that these APC isoforms form aggregates or other higher-order structures in the cytoplasm but that they also can interact with fulllength APC and prevent dynein from binding, so the insulin-sensitive APC bound pool of dynein would not be available for activation. This would explain why no centrosome accumulation occurs in response to hormone binding to receptors. Substantial dynein immunoreactivity is present at the plasma membrane in MIN cells, so if our model is correct, there may be non-APC-dependent mechanisms underlying this distribution.
This model is likely too simplistic, given the complexities of intracellular signaling, especially those involving APC, insulin, and GSK-3β. Other events that could contribute to the altered dynein behavior, including direct effects of APC and GSK-3β on the MT cytoskeleton, are likely to affect insulin-dependent regulation of dynein (Zumbrunn et al., 2001; Etienne-Manneville and Hall, 2003; Etienne-Manneville, 2010; Lui et al., 2016a,b) . The second MT-binding domain in the extreme C-terminal region of APC (Dikovskaya et al., 2010; Gupta et al., 2014) may play a role in controlling the APC-dynein interaction and the response to insulin signaling. We did not observe an obvious MT distribution pattern of cAPC-EGFP, and so this association might require some other regulatory factors in vivo. It will be interesting to determine whether GSK-3β alters the binding of cAPC fragments to MTs and affects MT capture at the cell cortex. The MIN mutation would not have this MT-binding capacity, which might affect the availability of MT tracks for dynein's insulin-dependent movement toward centrosomes. The overall organization of the MT array was similar in WT and MIN cells, but tyrosinated MTs seemed to end more abruptly at the cell cortex in WT cells, whereas they frequently curved along the periphery in MIN cells. Of interest, sliding of MTs along the cell cortex is attributed to dynein in Saccharomyces cerevisiae (Adames and Cooper, 2000) . This underscores the importance of bringing the new idea of dynein regulation by insulin into our understanding of APC and GSK-3β biology, providing a hithertooverlooked potential link to cancer. Although we have not queried this directly, altered dynein regulation might even contribute to some of the MT phenotypes linked to APC dysfunction.
Although diabetes is a risk factor for colorectal cancer (Guraya, 2015) and there is evidence that familial adenomatous polyposis increases the risk for diabetes (Nieuwenhuis et al., 2012) , our data with animal and cell models of course do not prove that dynein deregulation is responsible for these associations. However, the findings do raise interesting questions. For example, why would insulin signaling stimulate a minus end-directed motor in the intestine? Liver, fat, and nervous tissues are such important targets for insulin signaling that relatively little is known about insulin signaling in the gut. Unlike cultured MIN and WT colon cells, those residing in the gut epithelium retained near the membrane by association of APC with a cadherinlinked pool of β-catenin (Sharma et al., 2006) . It is also possible that APC located at MT plus ends can "capture" dynein (Morrison, 2009) . Indeed, all three could be true, given that APC, β-catenin, and dynein are likely to be important for MT capture near the cell cortex at leading edges of migrating cells and in mitotic spindle orientation (Dujardin and Vallee, 2002; Mimori-Kiyosue and Tsukita, 2003) . How do APC and dynein get to the membrane or the plus ends? The C-terminal region of APC interacts with plus end-directed kinesin motors, which could drive the peripheral localization of APC in the cell (Jimbo et al., 2002; Ruane et al., 2016) . Dynein is also ferried to plus-end locations by kinesin motors (Roberts et al., 2014) . Our dynein centrosome accumulation data suggest a model in which insulin signaling inactivates GSK-3β at or near the plasma membrane, creating an environment that favors dynein dephosphorylation. This environment would therefore favor Ndel1 binding over APC binding, effectively releasing some of the local pool of dynein to translocate along MTs toward minus ends ( Figure 8B ). APC is believed to form homodimers or oligomers, but it is not known whether this is required for dynein binding. In cells with goblet cells and antimicrobial granules from Paneth cells. These latter events could alter the gut microbiome, which could affect carcinogenesis (Pfalzer et al., 2016; Vogtmann et al., 2016) .
Many extracellular signals lead to GSK-3β inhibition, and there are multiple complex feedback loops that control kinase activity (Beurel et al., 2015) . It is interesting to speculate that the GSK-3β switch could be a universal scheme adopted by cells to drive minus-end trafficking in response to extracellular signals. If so, how is specificity achieved for specific trafficking events, and how is the duration of the dynein stimulation regulated? Could there be feedback loops that shut down the signal, and could these be specific for different extracellular ligands? Most studies indicate that the mechanisms promoting Wnt-versus insulin-induced GSK-3β inhibition are distinct, and this may be one way that cells avoid a potentially harmful activation of Wnt signaling by insulin and vice versa (Mendonca et al., 2015; Zhou et al., 2015) . Future studies will aim at determining whether acute Wnt signaling affects dynein in the same manner as insulin. Finally, we need to consider all other known targets of GSK-3β that might be simultaneously affected when the kinase is inhibited, including APC itself and, of importance, the plus end-directed motor, kinesin (Pigino et al., 2003; Morfini et al., 2004; Weaver et al., 2013; Dolma et al., 2014) . Clearly, there will be many twists and turns in the road before a complete understanding of GSK-3β regulated trafficking is attained.
MATERIALS AND METHODS
Cell lines
The murine young adult mouse colon (YAMC) epithelial cell line was derived from the colonic mucosa of a transgenic mouse generated by the introduction of a temperature-sensitive, interferon-inducible, SV40 T Ag, tsA58 (Immortomouse; Whitehead et al., 1993) . We refer to this line as WT in this article. The Immortomouse colon epithelial cell line (IMCE) was derived from the progeny of a cross between the Immortomouse strain and the Apc (min/+) mouse strain (Whitehead and Joseph, 1994) . We refer to these as MIN cells. Both cell lines were first obtained from the Center for Colon Cancer Research at the University of South Carolina and later from a new batch from R. H. Whitehead (Vanderbilt University Medical Center). Cell lines were validated by genotyping and PCR. Cells were maintained at the permissive temperature (33°C) in full RPMI 1640 medium (2 mM glutamine, 10% fetal bovine serum [FBS] , 0.5 U/ml penicillin, 100 μg/ml streptomycin, 5 U/ml murine γ-interferon, and 1% ITS [insulin, transferrin, and selenium; Cellgro]). Cos-7 cells and SW480 cells were maintained in full DMEM medium (2 mM glutamine, 10% FBS, 0.5 U/ml penicillin, and 100 μg/ml streptomycin). Cell lines were tested frequently for mycoplasma contamination using a mycoplasma detection kit from Thermo Fisher Scientific.
Expression constructs and transfection
EGFP-nAPC was generated by cloning a BspEI and HindIII fragment of full-length human APC into a pEGFP C1 vector. cAPC was have a different MT arrangement, with minus ends located near the apical surface and plus ends enriched near basolateral membranes (Musch, 2004) . This likely explains the accumulation of dynein at the apical surface when we treated mice with rosiglitazone. APC has been found at both apical and basolateral regions of human and mouse crypt cells, where it would be poised to tether dynein at plus ends (Miyashiro et al., 1995; Senda et al., 1996; Anderson et al., 2002) . Insulin receptors are also localized in the basolateral membrane (Ait-Omar et al., 2011) , and so dynein could theoretically control the internalization and trafficking of these receptors (or other proteins in this region) in response to high blood insulin levels. One study demonstrated that activation of insulin receptors located at the basolateral surface rapidly stimulated the MT-dependent translocation of an existing pool of PEPT1 transporters to the apical surface (Thamotharan et al., 1999) . Another study showed that deletion of intestinal epithelial insulin receptors attenuated a high-fat diet-induced elevation in cholesterol and increased mRNAs associated with stem cells, enteroendocrine cells, and Paneth cells (Andres et al., 2015) . Both could involve dynein-dependent trafficking.
From a cancer standpoint, it will be important to determine whether defects in dynein stimulation caused by APC mutations contribute to the development of intestinal cancers. This seems plausible, in that dynein function is vital not only for intracellular trafficking, but also for mitotic spindle dynamics, chromosome segregation, and cell migration (Steuer et al., 1990; Dujardin and Vallee, 2002; Allan, 2011; Raaijmakers et al., 2013) . In the MIN mouse colon, mutant APC prevented dynein redistribution caused by rosiglitazone. Even if we consider only this defect in trafficking, loss of normal dynein control mechanisms could alter the uptake of nutrients from the luminal surface or impair the secretion of mucus from 74.1; Santa Cruz Biotechnology), APC-M2 rabbit pAb (raised against the 15-amino acid repeat region; described in Wang et al., 2009) , DIC mouse mAb (74.1; Santa Cruz Biotechnology), GSK-3β mouse mAb (3D10; Cell Signaling Technology), phospho-GSK-3β (Ser-9) rabbit pAb (5B3; Cell Signaling Technology), GFP rabbit pAb (Ab290; Abcam), His-probe rabbit pAb (H-3; Santa Cruz Biotechnology), PPARγ1 rabbit pAb (H100; Santa Cruz Biotechnology), detyrosinated α-tubulin rabbit pAb (ab48389; Abcam), tyrosinated tubulin mouse mAb (TUB1A2; Sigma-Aldrich); acetylated tubulin mouse mAb (Clone 6-11-B1; Sigma-Aldrich); and α-tubulin mAb (T5168; Sigma-Aldrich).
Measuring GSK-3β inhibition PAGE was performed on WT and MIN cell extracts. Proteins were then transferred to nitrocellulose membrane. Membranes were blocked using Li-Cor Odyssey TBS Blocking Buffer and then probed with a mouse mAb to pan-GSK-3β and rabbit mAb to phospho-GSK-3β (serine 9), both at 1:1000. LiCor IRDye 680LT donkey anti-rabbit and 800CW donkey anti-mouse secondary antibodies were diluted in the Odyssey blocking buffer at 1:10,000. The membrane was then imaged using the Li-Cor Odyssey Sa system, and band intensities were measured using ImageStudio software.
Effect of drugs on protein distribution and MT organization in cell lines
Cells were plated onto 12-mm glass coverslips in 24-well plates before drug treatment or transfection. For Figures 1, 2 , and 3, D and E, and Supplemental Figures S1 and S2, cells were cultured for 12 h in medium without FBS or ITS in order to obtain maximum sensitivity to insulin (starved). Then, 1% ITS (Cellgro) or 3 μM CT99021 (Cayman Chemicals) was added for the indicated times. For  Figures 3 , A-C, and 7, A-C, after starvation, cells were exposed to 3 μm CT or 10 μM rosiglitazone (Biomol) for 12 h in full medium (containing both ITS and FBS). Cells were fixed and then processed for IF. For DIC, APC, or Ndel1 antibodies, cells were fixed in100% ice-cold methanol for 2 min; for tubulin and AKT antibodies cells, were fixed in warm 4% paraformaldehyde for 20 min followed by permeabilization with 0.2% Triton X-100 for 10 min. Nuclei were visualized using Hoechst dye (33258; Sigma-Aldrich). Coverslips were mounted onto glass slides using ProLong Gold Antifade (Invitrogen). Cells were visualized with an Axiovert 200 inverted microscope (Carl Zeiss) using Plan-Neo 100×/1.30 or Plan-Apo 63×/1.40 oil-immersion objectives (Immersol 518F; Carl Zeiss) or a Plan-Neofluor 20× dry objective.
Protein interaction studies in mouse tissues
For Figure 4 , B and F, Adult mouse brains were Dounce-homogenized in 50 mM Tris, pH 7.5, 0.1% NP-40, 100 mM NaCl, 1 mM generated by PCR amplification of a 747-base pair fragment of the 3′ end of full-length human APC. An EcoR1 and BamH1 fragment was subcloned into a pET 30 EK/LIC vector (Novagen) for expression in Escherichia coli or the pEGFP-C1 vector for mammalian expression. The rat EGFP-IC1B construct was kindly provided by Kevin Pfister (University of Virginia, Charlottesville, VA). The IC1B mutant was described in Gao et al. (2015) . All constructs were verified by sequencing. Cells were transfected using Lipofectamine 2000 or 3000 (Invitrogen) according to the manufacturer's directions.
Antibodies
We used the following antibodies: CDK5RAP2 rabbit polyclonal antibody (pAb; Millipore), DIC mouse monoclonal antibody (mAb; (E) Phospho-AKT immunoreactivity is observed at the cell periphery (arrows) in both cell types after ROZ treatment. (F) Colonic crypts from WT but not MIN mice showed an alteration in DIC distribution (red) after 6 d of gavage-administered rosiglitazone. Significant differences in B and C were determined by ANOVA from three separate experiments, 75 cells/treatment; ***p < 0.001. Lack of a significant difference in D was determined by the paired two-tailed Student's t test from five experiments. ns, not significantly different.
normal mouse IgG (Santa Cruz Biotechnology). Beads were washed extensively in lysis buffer and PBST and then processed for SDS-PAGE. For all IPs involving endogenous APC, half of the sample was transferred to nitrocellulose for APC probing and the other half to polyvinylidene fluoride (PVDF) for DIC probing. Blots were incubated with primary antibodies overnight at 4°C and then exposed to the appropriate horseradish peroxidase-conjugated secondary antibodies. Labeled proteins were detected using chemiluminescence. Band intensities were determined using ImageJ Fiji image analysis software.
Protein interaction studies in cells
Cos-7 cells were used because of the difficulty in transfecting the WT and MIN colon cell lines. Cells were transfected with EGFP, MgCl 2 , 5 mM EDTA, protease inhibitor cocktail (Fisher), and Halt phosphatase inhibitor cocktail (Fisher). The lysates were incubated on ice for 30 min and then centrifuged at 17,000 × g for 30 min at 4°C. DIC or APC-M2 antibodies were incubated with Protein-A Dynabeads (Invitrogen) for 2 h at room temperature. Beads were washed twice with lysis buffer and then incubated overnight at 4°C with cell or tissue extract. Beads were then washed twice with lysis buffer and twice with PBS-T (phosphate-buffered saline with 0.1% Tween-20) at 4°C. Samples were eluted in 60 μl of PBS plus 20 μl of 6× sample buffer, boiled briefly, and then separated by SDS-PAGE and analyzed by Western blotting. For the DIC IP with IgG as a control ( Figure 4D ), lysis buffer also contained 10% glycerol, and extracts were centrifuged at 50,000 × g for 30 min. Lysates were incubated overnight with agarose beads conjugated to DIC antibody or FIGURE 8: Model for how APC mutations affect insulin-induced dynein movement toward MT minus ends. (A) WT cells in the absence of insulin or serum factors: GSK-3β (orange star) near the membrane (gray) is phosphorylated on Y216 and active. Nearby dynein motors are phosphorylated, rendering them more likely to bind to APC than to Ndel1. Here phosphorylated dynein (pDyn, red oval) is shown bound to an APC homodimer (purple ovals) at sites of MT (green line) capture at the plasma membrane. Unphosphorylated dynein (Dyn) may be bound to Ndel1 (yellow triangle) and actively translocating (arrow). (B) Insulin (dark orange circle) binds to receptors, activating a signaling pathway that locally and transiently inactivates GSK-3β by S9 phosphorylation. Dynein becomes locally and transiently dephosphorylated, is released from APC, binds to Ndel1, and then moves toward MT minus ends. The increase in number of processive dyneins results in minus-end accumulation at centrosomes (not shown). (C) MIN cells in the absence of insulin or serum factors: GSK-3β is active, but there is a reduced pool of dynein associated with FL-APC because MIN APC blocks the interaction. MIN APC also forms aggregates in the cytoplasm. (D) Normal inhibition of GSK3β occurs in response to insulin signaling but as the APC-bound, insulin-sensitive pool of dynein is reduced, the net effect of insulin on motor distribution is minimal.
Statistics
All analyses were carried out using GraphPad Prism, version 5.00 for Mac OSX. In most of the figures, error bars represent ±95% confidence interval (CI). One-way analysis of variance (ANOVA) with Tukey's multiple comparison tests or paired or unpaired, two-tailed Student's t test were used as indicated in the figure legends. Immunofluorescence measurements were made using ImageJ Fiji software. For dynein accumulation experiments, 50 interphase cells were analyzed for each condition, and the percentages from three experiments (N = 3) were used to determine the mean (±95% CI) and the significance of the observed differences. Thus, for most bar graphs, the data were derived from 150 cells/condition. In other experiments, mean pixel intensities of DIC staining at centrosomes minus pixel intensities of DIC at a more peripheral site were compared for the whole population (150 cells) using N = 150. For graphs from Western blots, at least three repeats of the experiments were performed.
EGFP-nAPC, EGFP-cAPC, or EGFP-IC1B constructs. For Figure 5E , after 16 h, cells were starved for 4 h, lysed in the lysis buffer on ice for 30 min, and then centrifuged at 50,000 × g for 30 min. Cell lysates were incubated overnight with agarose beads conjugated to DIC antibody or normal mouse IgG (Santa Cruz Biotechnology). Beads were washed extensively in 50 mM Tris, pH 7.5, 0.5% NP-40, 0.1% Triton X-100, 125 mM NaCl, 1 mM MgCl 2 , and 5 mM EDTA and then in PBST, and then processed for SDS-PAGE and Western blotting. For Figures 5, F and G, and 6C, lysates were prepared 24-36 h after transfection and no starvation step was included. Lysates were sonicated for 10 pulses at level 1 with 10% output three times, incubated on ice for 10 min, and then centrifuged at 17,000 × g for 20 min at 4°C. Cell lysates were incubated overnight with agarose beads conjugated to DIC antibody or protein A beads alone. For Figure 6B , after transfection, cells were starved for 12 h and then exposed to 3 μM CT99021 for 12 h in full medium (containing both ITS and FBS).
Protein interaction studies with purified proteins
Bacterial extract containing His-tagged c-APC was used in dynein co-IPs. Cytoplasmic dynein was purified from bovine brain as described previously (Bingham et al., 1998) . The dynein contains all subunits in the motor holoenzyme, and the prep contains no detectable Lis1, p150 glued, Ndel1, EB1, or tubulin (Mesngon et al., 2006) . The purified brain dynein was first incubated overnight with 74.1 mouse monoclonal IC antibody-conjugated agarose beads (ICBeads; Santa Cruz Biotechnology) in PBS-T with protease and phosphatase inhibitors. Beads were washed twice with PBS-T and once with 1× kinase buffer. Beads were incubated in 32 P-γATP with or without GSK-3β at 37°C for 1 h. Beads were spun down and washed with PBS-T twice and then with PHM-T buffer (60 mM 1,4-piperazinediethanesulfonic acid, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 4 mM MgSO 4 , 0.1% Tween 20, pH 6.9) and then were incubated with 500 μl of the cAPC-containing bacterial lysate. Beads were washed three times with PHM-T buffer and eluted in 60 μl of PBS plus 20 μl of 6× sample buffer. Proteins were separating by SDS-PAGE and transferred to PVDF membrane. Blots were exposed to autoradiography film (Denville) overnight at −80°C before probing for DIC and His tag.
Rosiglitazone treatment of mice C57BL6/J Apc (min/+) mice, originally obtained from Jackson Labs, were maintained in the Mouse Core Facility of the Center for Colon Cancer Research at the University of South Carolina. Apc (min/+) males were bred with C57BL6/J WT females, and heterozygous progeny were genotyped by PCR analysis of tail genomic DNA using allele-specific primers (Murphy et al., 2004) . Three WT and three Apc (min/+) adult male mice (4 wk) were gavage-fed rosiglitazone (Biomol) at a dose of 10 mg/kg body weight daily for 6 d. Three mice received a similar regimen of vehicle only (dimethyl sulfoxide). Jejunal segments were fixed in 3% paraformaldehyde and embedded in paraffin, sectioned, and placed on glass slides. Slides were heated in 10 mM citrate buffer, pH 6.0, for 10 min for antigen retrieval. Sections were incubated with the 74.1 DIC antibody for 2 h at room temperature and then washed and incubated with Alexa Fluor 568-conjugated goat anti-mouse secondary antibody (Molecular Probes) for 1 h. Sections were coverslipped using ProLong Gold Anti-Fade and then visualized with a Zeiss AxioImager M2 using an EC Plan-Neofluar 40×/1.30 oil-immersion objective. Digital images were acquired with a charge-coupled device camera linked to AxioVision software (Carl Zeiss).
